The work-loop method is frequently used to determine the mechanical work performed by a system, for instance, when analyzing muscles or describing the work balance at the joint level. While for these examples usually only one-dimensional movements are investigated, for two-or three-dimensional movements, such as leg function during walking and running, the work-loop has to be adapted. In this paper, we present an analytical derivation that extends the work-loop method to two-dimensional sagittal plane movements. Three effects contribute to the mechanical work of the leg: (1) forces directed along the leg axis, (2) forces acting perpendicular to the leg axis, and (3) a shift of the center of pressure (COP) during stance. These three contributors to the mechanical work performed can be interpreted as three general tasks of the leg. To demonstrate the new work-loop method, we analyzed experimental data on hopping, running and walking. The results indicate that the proposed new generalized work-loop concept is suitable for describing the overall mechanical work performed on the COM during stance with energy consistent net work balances. Depending on the type of gait, specific contributions of each work term were found that characterize leg function during locomotion.
Muscles can perform positive work by active contraction and negative work during stretching due to external forces. In addition, negative work can also be performed by soft tissues including tendons. The resulting net mechanical work during locomotion can be calculated using the so-called work-loop method. 1 The work-loop method implemented in previous studies was used to determine the mechanical work and the corresponding mechanical power output. 1, 2 The original approach relies on measuring force and length change of a single isolated muscle during a cyclic or repetitive movement. 1, 2 The enclosed area of muscle force versus length change curves represents the difference between the work required for lengthening and the work generated during shortening of the muscle. 1, 3 This relationship provides information on the net work balance during the movement cycle. This approach is also used for estimating the work done during locomotion. In vivo measurements of forces and length changes of individual muscles have been taken during stance and swing phase of different types of gait using force transducers and sonomicrometry. 4, 5 In addition, this concept can be generalized from the single muscle level to the joint level. 6 Although a joint itself does not perform work, the muscles acting across the joint do. This mechanical behavior of muscles and other surrounding structures acting on the joint, such as soft tissue including ligaments and the joint capsule, are represented in the net joint torque and its corresponding joint angle. The relationship between torque and angular displacement describes the net work done by the actuators (ie, the muscles) and the passive structures (ie, tendons, other soft tissue). Because work can be calculated as the product of force multiplied by displacement (for rotations: torque times angular displacement), in both concepts the enclosed areas in curves describing the relationship between these parameters represent the net work done. The calculation of mechanical work of single muscles or joints using established methods is straightforward because in these cases the measured mechanical variables describe the same degree of freedom (one-dimensional movement, muscle: translatory, joint: rotatory). However, the movement of the leg during walking and running includes translatory as well as rotatory components.
Recently, the work-loop concept has been applied to the leg level. 7 To characterize the mechanical behavior for running goats on surfaces with different inclines, a leg was defined as the distance between hoof and hip/ shoulder. The net work performed by this radial leg was calculated by integrating the force acting in leg direction multiplied by the displacement (ie, shortening and lengthening) of the leg. However, the net work balance of the radial leg does not equal the sum of the work performed in the single joints. Thus, applying the original work-loop concept to the anatomical leg and considering only limb length changes versus force that are aligned with the leg will result in a deficit in the mechanical energy balance. The purposes of this paper were to (a) extend the work-loop concept to the global leg behavior by incorporating features of the two-dimensional sagittal plane movement of the leg and (b) analyze the energy aspects of three different types of gait (hopping, running and walking) using the radial leg. We hypothesized that the work estimated by the work-loop method used in previous studies does not comprise the total work done on the center of mass (COM) and that the proposed work terms contribute significantly to the total work done on the COM.
Methods

Derivation of the Work-Loop Method for Two-Dimensional Systems
Generally, the mechanical work on the COM, W COM , is defined as the force acting on the COM F  
For the sake of simplicity, we chose the coordinate system so that the x-axis is aligned to the force vector F  and the y-axis is rotated counterclockwise by 90° in the sagittal plane.
In this coordinate system, the radial leg vector L  can be described by its magnitude L and the enclosed
Extending the work-loop concept to two-dimensional systems requires the estimation of the magnitude of the radial leg vector. Therefore, the total derivative of Eq. 3 is calculated to obtain the needed magnitude of the radial leg vector:
The radial leg is defined as the vector pointing from the center of pressure (COP) to the COM. Hence, the change in leg length depends on the displacement of the COM, 
This equation describes the displacement of the COM with respect to the chosen coordinate system. Using Eq. 7, the work can be calculated as defined in Eq. 1:
Eq. 8 consists of three expressions: where dW Leg represents the work done by the forces acting in leg direction and dW τ represents the work done by the forces acting perpendicular to the leg direction (these forces result in the COM to rotate around the COP), and dW COP represents the work done by the displacement of the COP.
Analysis of Experimental Data
To demonstrate the validity and the relevance of the new work-loop method dividing the work done on the COM into three work terms, experimental data of three different gaits were analyzed: hopping in place with preferred hopping frequency (approximately 2.2 Hz), treadmill walking at 1.6 m/s belt speed and treadmill running at 4 m/s belt speed. For each gait type, data for six different subjects with approximately 50 contacts were included. The resulting net work balances and time traces of the work terms were averaged over all steps and subjects. The walking and running data were taken from Lipfert (2010). 8 The kinetic (3D forces separated for each leg) and kinematic (marker data from anatomical landmarks) data were tested and corrected for synchrony. [9] [10] [11] The excursion of the COM was calculated by double integrating the ground reaction forces. 12 The initial position of the COM in the sagittal plane was estimated using anthropometric data and kinematic data. 13, 14 The coordinate system was chosen relative to the moving belt of the treadmill, that is the vector of belt speed was added to the velocity of the kinematic data because energetic descriptions relative to a fixed coordinate system could result in incorrect conclusions. 15 The work done on the COM was calculated using the described new work-loop method. The validity of the work-loop method was determined by assessing the net work balance (sum of all work terms). Because only steady state movements were analyzed, the net work balance at the end of a gait cycle has to equal zero. Both the angular momentum balance and therefore the rotational work have to be zero independent of the translational work. Here, we focused only on the analysis of the translational work.
Statistical Analysis
All statistical tests were performed using Statistics Toolbox of Matlab Version 7.12 from Mathworks. A Lilliefors test was used to determine if the data were normally distributed. For normalized distributed data, two-tailed t tests were used to determine if the data differed from zero. For not normalized distributed data, Wilcoxon signed-ranked tests were used to determine if the data differed from zero. The significance level of all statistical tests was set a priori to α = .05.
Results
For running and walking, the work done by forces acting in leg direction W Leg (ie, work-loop method used in former studies) does not comprise the total work done on the COM and significantly differs from zero after one movement cycle (P < .001, Figure 3 B, C, Table 1 ). The work-loops for running ( Figure 2B ) and walking ( Figure  2C) show that the enclosed area of the force-length curves do not add up to 0. This result indicates that work terms (as suggested in Section 2.1) complementing the work W Leg performed along the leg axis must be considered. For hopping, the work done by forces acting in leg direction W Leg does not comprise the total work done on the COM but does not significantly differ from zero after one movement cycle (P = .633, Figure 3A , Table 1 ). For hopping, the area under the force-length curve adds up to zero (Figure 2A , Table 1 ). The mean work of all subjects is shown. Each line indicates the net work which has been done at each point in the gait cycle by one of the four work terms: W COM refers to the work done on the COM, W Leg refers to the work in leg direction, W τ refers to the work perpendicular to the leg direction and W COP refers to the work done by the displacement of the COP. For simplicity, for walking only the work done by a single leg (ipsilateral) is shown. In the second single support phase the work done on the COM fluctuates because of the work contributions of the contralateral leg (the work done by the ipsilateral leg is held constant). Ensemble averages of all time traces normalized to gait cycle for all steps (50 steps per subject) and all subjects (N = 6 subjects) were calculated. The y-axis is scaled to the magnitude of the work terms for each gait type. For running only, half of a cycle is shown because both half cycles appeared to be identical. The three work terms proposed in this study contribute significantly to the total work done on the COM (Figure 3 , Table 1 ). As shown (Figure 3) at the end of the movement cycle none of the work terms (integral of Eqs. 9-11) are zero, and thus each of the work terms contributes to the net balance of the COM work (Table  1) . Because hopping movement occurs mainly in one dimension (along the leg axis), the generated leg torques and the displacement of the COP are relatively small compared with the other two gait types. However, the two corresponding work terms are still significant different from zero (Table 1, Figure 3A) . In contrast to hopping, during running and walking the displacement of the COP is approximately equal to the length of the foot, which leads to a considerable contribution of W COP to the work done on the COM (Figure 3B, 3C ). In addition, the forces acting perpendicular to the leg as well as in leg direction produce a substantial amount of work (Table 1) .
Discussion
The three terms of work described in this study represent three general tasks (Figure 4 ) that may be used to characterize human leg function.
One general task of the leg is to shorten and extend the leg during stance against the forces acting in leg direction and can be described as telescopic leg function. The corresponding work W Leg can be visualized by plotting the force acting in leg direction against leg length ( Figure  2 , the area enclosed by this curve represents W Leg ). This work component is similar to that described in the original work-loop concept where muscle force is plotted versus muscle length. 1, 2 In contrast to work-loops for muscles, the work-loops on the leg level in running and walking are not closed because the take-off length of the leg is greater than its landing length. 16, 17 For walking and running, the term W Leg has a positive net balance after each movement cycle indicating an energy input within the telescopic leg function (Table 1) . Because the function of the joints within the segmented leg is coupled, individual joints may not have an equalized energy balance. 18 For instance for running, energetic losses at the knee joint are compensated by energy gain at the ankle joint. 6 The second work term W τ describes the work caused by forces acting perpendicular to the leg where the leg long axis represents the lever arm of the resulting torque, which affect the rotation of the COM around the COP. For running and walking, the net balance of W τ was positive (Table 1) . Results obtained from experiments as well as from models have shown that the leg must protract and retract actively relative to the body. [19] [20] [21] [22] The capacity of the joints to retract the leg during stance has been termed lever function. 23 The forward acceleration of the leg can be partially supported by the active extension of the ankle joint during late stance as observed for human walking and running. 8 In addition, hip joint torques can contribute to leg protraction and retraction. Hip torques directly affect the orientation of the leg force relative to the leg long axis, which is reflected in perpendicular leg forces. The deviation of the force direction from the leg long axis may contribute to stabilizing the trunk in an upright configuration during locomotion. 24 The third work term W COP describes the work required to move the COP against acting forces and emerges when the COP moves along the direction of the acting force. 25, 26 The displacement of the COP occurs because the segmented leg comprises a foot and because ankle joint torques influence the position of the COP. 27 For walking and running, the net balance of W COP is negative, which counteracts the positive contribution of W Leg to W COM . Hence, the asymmetry between touchdown and take-off height caused by the lift of the COM as the ankle extends may be mainly responsible both for the positive contribution of W Leg as well as the negative contribution of W COP .
The three general tasks of leg function proposed in this study clearly divide leg function in telescopic leg function, lever function and COP displacement. These three tasks should be considered when representing human locomotion in models or by technical devices (eg, robotics or prosthetics). These different leg functions interfere with each other: for instance, the telescopic leg function interferes with the displacement of the COP. The work done for moving the COP could emerge from an internal shift of energy from the telescopic leg. Hence, no additional external energy is required to move the COP. Because the COP moves substantially during human locomotion, it is important to consider the work originating from this displacement for an energetically consistent description of leg function. angle between GRF and radial leg vector
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